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Abstract: Insights into how exactly a fly powers and 
controls flight have been hindered by the need to unpick 
the dynamic complexity of the muscles involved. The 
wingbeats of insects are driven by two antagonistic 
groups of power muscles and the force is funneled to the 
wing via a very complex hinge mechanism. The hinge 
consists of several hardened and articulated cuticle 
elements called sclerites. This articulation is controlled 
by a great number of small steering muscles, whose 
function has been studied by means of kinematics and 
muscle activity. The details and partly novel function of 
some of these steering muscles and their tendons have 
now been revealed in research published in this issue of 
PLOS Biology. The new study from Graham Taylor and 
colleagues applies time-resolved X-ray microtomography 
to obtain a three-dimensional view of the blowfly 
wingbeat. Asymmetric power output is achieved by 
differential wingbeat amplitude on the left and right 
wing, which is mediated by muscular control of the hinge 
elements to mechanically block the wing stroke and by 
absorption of work by steering muscles on one of the 
sides. This new approach permits visualization of the 
motion of the thorax, wing muscles, and the hinge 
mechanism. This very promising line of work will help to 
reveal the complete picture of the flight motor of a fly. It 
also holds great potential for novel bio-inspired designs of 
fly-like micro air vehicles. 



TJie ability for powered flight has evolved four times in the 
animal kingdom and, thanks to their ability to fly, insects have 
diversified and moved into new regions and habitats with 
enormous success [1]. Powered flight requires an integrated 
system consisting of wings to generate aerodynamic force, muscles 
to move the wings, and a control system to modulate power output 
from the muscles. Insects are bewUderingly diverse with respect to 
flight morphology and behaviors, which in turn provides a real 
challenge to researchers wishing to understand how insects fly. In 
particular, the impressive flight maneuvers in flies, such as 
blowflies and fruit flies, have inspired scientists for many years 
[2] . The ability of a fly to accelerate, make tight turns, rolls, and 
loops that allow the creature to land upside down on a ceiling is 
unparalleled in any other organisms, as well as any manmade 
aircraft. Everybody knows how difficult it is to swat a fly with bare 
hands — the fly's capacity for rapid take-off and accurate move- 
ment away from a perceived approaching threat is exquisite [3] . 

The flight muscles of many insects, including flies, bees, and 
mosquitoes, are divided into a few large power muscles that simply 
contract cyclically to generate sheer power output and a greater 
number of smaller steering muscles that control the force 
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transmission from the power muscles to the wing [4-6]. The 
power muscles of a fly consist of two sets of antagonistic muscles 
attached to the inside of the thorax (exoskeleton) (Figure 1). In 
many insects, including flies, these muscles are asynchronous, 
which means their contractions are uncoupled to the firing rate of 
the associated motor neuron [6,7], i.e., the muscles continue to 
contract as long as the nerve tickles them. Another characteristic 
feature of the power muscles is that they are stretch-activated and 
contract as a response to being lengthened. Both sets of power 
muscles deform the thorax when contracted such that when the 
dorso-ventral muscles contract, the thorax is squeezed together 
dorso-ventrally while expanding longitudinally, and vice versa 
when the dorsal-longitudinal muscles contract as a response to 
prior lengthening. The result is an alternate contraction and 
lengthening of these perpendicular muscle groups and a resonance 
of the entire thorax that drives the wingbeat. Typical wingbeat 
frequencies are in the range from 100 Hz and even up to 
1,000 Hz in the smallest species [5,8]. 

The forces from the flight muscles are transmitted to the wing 
through an intricate hinge mechanism (Figure 2). The hardened 
plates of cuticle between the thorax and wing (sclerites) are mobile 
and their positions relative to the thoracic outgrowths and wing 
determine the extent of the wing motion, i.e., the angular 
amplitude of the wingbeat [6] . 

Flight maneuvers arise owing to asymmetric force generation 
between the left and right wing. Aerodynamic force is proportional 
to the angle of attack (the angle between the wing surface and the 
airflow) and the speed squared relative to the air [9,10]. Except 
from the turning points of each half-stroke, when the wings rotate 
about their span wise axes, the angle of attack is usually quite 
constant during the traiislational phases of the wingbeat [10], 
while asymmetric forces are mainly created by changing the 
wingbeat amplitude in flies [11-14]. With wingbeat frequency kept 
constant, changed amplitude changes the speed and hence force 
generated. 

The control of the elements forming the hinge mechanism of 
the wing is achieved by the steering muscles, which are tiny in 
terms of mass (<3% of the power muscle mass), but mean 
everything when it comes to making flight maneuvers. In contrast 
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Figure 1. The thorax with and dorsal longitudinal (upper left) and dorso-ventral (upper right) power flight muscles of a fly. The 

cartoon (bottom) shows a transverse section through the thorax with dorso-ventral muscles (DVM) and dorsal longitudinal muscles (DLM) indicated. 

The two upper illustrations are redrawn from [6]. 

doi:10.1371/journal.pbio.1001822.g001 




Figure 2. Cartoon illustration of a transverse section of the thorax of a fly in rear view, showing some elements of the complex wing 
hinge of a fly, consisting of ridges and protrusions on the thorax and a number of hardened plates of cuticle (sclerites) between the 
body (thorax) and the wing root. The basalare sclerite (not shown) is positioned anterior of the first axillary sclerite (Axl ). The indicated structures 
are dorso-ventral power muscle (DVM), pleural wing process (PWP), post-medial notal process (PMNP), parascutal shelf (PSS), axial wing sclerites (Axl, 
Ax2, Ax3), and radial stop (RS). Redrawn and modified from [18]. 
doi:10.1371/journal.pbio.1001822.g002 
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Figure 3. The position of tKie three steering flight muscles bi- 
bs inserted to the nail-shaped basalare sclerite. Contraction by 
the b1 and b2 muscles move the basalare forward and their antagonist 
b3 moves it backwards when contracted. Redrawn from [6]. 
doi:10.1371/journal.pbio.1001822.g003 

to the power muscles the steering muscles are synchronous, i.e., 
there is a 1:1 correspondence between neural spikes and muscle 
contraction. No less than some 22 pairs of steering muscles are 
involved in the force transmission; a few of these indirectly 
modulate the output by affecting the resonating properties of the 
thorax, while others are directly attached to the sclerite elements of 
the hinge mechanism [6,15]. Three small muscles (bl-b3) are 
attached to the basalare plate that is directly involved in wing 
articulation (Figure 3). The actual wing sclerites (Figure 2) are also 
controlled by specific steering muscles, also with the function of 
moving the sclerites in relation to required wing motion. The main 
control function of the hinge mechanism appears to be of the 
downward movement of the wing, i.e., the angle at the turning 
point at end of downstroke. For a detailed review about the 
steering muscles and their function see Dickinson and Tu [6]. 

To date, the function of the steering muscles has been revealed 
mainly by electrophysiological studies on tethered subjects. 
Tethering means that the animal is glued to the end of a thin 
rod, often with force sensors attached to it, and then stimulated to 
"fly." In many insects this can be achieved by simply blowing at 
them or placing them in a wind tunnel. On the tether the insect 
can either be presented with a visual stimulus or be rotated, which 
flies can sense via their halteres (hind wings modified to sensory 
gyroscopic sensory organs) [16]. By inserting electrode wires into 
the steering muscles, the neural impulses are measured at the same 
time as the wingbeat kinematics is recorded [13,17]. What we 
know about the function of the steering muscles comes from the 
meticulous studies of correlations between muscle activity and the 
associated wing movement, including how the hinge mechanism 
works [6,18]. Needless to say, such experiments are extremely 
diflicult to achieve in small insects like blowflies and fruit flies that 
flap their wings at high frequencies. Recent studies of the wing and 
hinge kinematics provide some support for the hypothesis that the 
hinge may have a gear function that affects stroke amphtude, as 



well [18]. However, there are still many open questions regarding 
the exact function of the steering muscles and how they help in 
generating laterally asymmetric forces during a fly's flight 
maneuver [6]. 

In an article published in this issue of PLOS Biology, Walker and 
colleagues take a new approach for studying how steering muscles 
regulate the power output from power muscles [19], using time- 
resolved x-ray microtomography [20]. By rotating tethered 
blowflies [Calliphora vkind) in the X-ray beam, a 3D-movie was 
captured that shows how the steering muscles move. This by itself 
is a grand achievement at a wingbeat frequency of 145 Hz. As the 
flies could sense being rotated the steering muscles acted 
accordingly to achieve an asymmetric power output as a response 
to a perceived turn. The movies that accompany the article show 
how several of the key steering muscles and their sclerites operate 
in concert during the course of a wingbeat, and the visual results 
are supported by advanced statistical analyses of muscle strain 
rates and their phase offset. For example, the bl and b3 muscles 
(Figure 3) work antagonistically, as was known before, but on the 
low-amplitude wing the oscillations are delayed by about a quarter 
of a wingbeat. The strain amplitudes of bl and b3 were different 
between the two wings, which were found to be due to dorso- 
ventral movement of the basalare sclerite on the high-amplitude 
side and rotation on the low-amplitude side. This shows even 
higher complexity of the wing hinge than was previously 
envisaged. 

The measurements of strain rate in the muscle confirmed the 
results of a previous study, which showed that asymmetric power 
output is partially achieved by negative work [21], i.e., absorption 
of work, by the bl muscle on the low-amplitude wing. As with 
other muscles, the steering muscles insert on the skeletal parts and 
sclerites by tendons. The tendon of the muscle (II) associated with 
the first axillary sclerite was observed to buckle when the wing was 
elevated above the wing hinge, indicative of compressive force 
acting on it near the top of the wing stroke. This buckling of the 
tendon forces a reinterpretation of the function of this muscle: it is 
involved in reducing stroke amplitude at the bottom of the 
downstroke rather than exerting stress near the opposite end of the 
stroke. Tendon buckling was seen in some other muscles as well, 
and although this is its first observation, it may be a more general 
mechanism involved in control of insect wingbeat kinematics. 

What are the wider implications of this new study? First, it 
demonstrates the utility of a new approach to examine the in vivo 
operation of several insect flight muscles. This alone signals a 
methodological breakthrough that promises more. So far the flies 
were tethered and studied during one behavioral treatment 
(rotation about the yaw axis). Real flight maneuvers, however, 
also involve angular rotation about pitch and roU axes, acceler- 
ation, and braking. Thus, it remains to be seen how the steering 
muscles operate to control more subtie changes in wing kinematics 
during the turning saccades and advanced flight maneuvers that 
take place during free flight. The method involved exposure to 
lethal X-ray doses, which of course limits how long the 
experiments can be. Second, tethering is the prevailing paradigm 
for studying insect flight, but because it interrupts the sensory 
feedback loop [22], it would be useful for future studies to compare 
tethered and free flight in some commonly studied species. 
Furthermore, a more complete understanding of the flight muscle- 
hinge mechanism may help bio-inspired design of wing articula- 
tion systems for fly-like micro air vehicles. Until then, we can enjoy 
the stunning videos of the oscillating thorax and flight muscle 
system of the blowfly [19]. See the video from the related research 
article here (http://youtu.be/P61BkK3J9wg) or [19]. 



PLOS Biology | www.plosbiology.org 



3 



March 2014 | Volume 12 | Issue 3 | el 001 822 



References 



1. Grimaldi D, Engcl MS (2005) Evolution of the insects. Cambridge: Cambridge 
University Press. 

2. Wagner H (1986) Flight performance and visual control of flight of free-flying 
housefly [Musca domestica L.), II. Pursuit of targets. Phil Trans R Soc Lond B 312; 

553-579. 

3. Card G. Dickinson M (2008) Performance trade-offs in the flight initiation of 
Drosophila.] Exp Biol 211: 341-353. 

4. Pringle JWS (1957) Insect flight. Cambric^e: Cambridge University Press. 

5. Chapman RF (1982) The insects: structiu"e and function. 3rd edition. Cambridge 
(Massachusetts): Harvard University Press. 

6. Dickinson MH, Tu MS (1997) The function of Dipteran flight muscle. Comp 
Biochcm Physiol 116A: 223-238. 

7. Joscphson RK, Malamud JG, Stokes DR (2000) Asynchronous muscle: a primer. 
J Exp Biol 203: 2713-2722. 

8. Sotalvalta () (1953) Recordings of the high wing-stroke and thoracic vibration 
frequency in some midges. Biol Bull 104: 439—444. 

9. AndersonJD Jr (2011) Fundgmientals of aerodynamics. 5th edition. New York: 
McGraw-Hill. 

10. Wang ZJ (2005) Dissecting insect flight. Annu Rev Fluid Mech 37: 183-210. 

11. Nachtigall W, Roth W (1983) Correlations between stationary measurable 
parameters of wing movements and aerodynamic force production in the blowfly 
{Calliphora vidna R.-D.). J Comp Physiol 150: 251-260. 

12. Heide G, Gotz KG (1986) Optomotor control of course and altitude in 
Drosophila is achieved by at least three pairs of flight steering muscles. J Exp Biol 
199: 1711-1726. 



13. Tu MS, Dickinson MH (1996) The control of wing kinematics by two steering 
muscles of the blowfly, Calliphora vicina. ] Comp Physiol A 178: 813—830. 

14. Fry SN, Saymann R, Dickinson MH (2003) The aerodynamics of free-flight 
maneuvers in Drosophila. Science 300: 495-498. 

15. Wisser A, Nachtigall W (1984) Functional-morphological investigations on the 
flight muscles and their insertion points in the blowfly Calliphora eryihrocephala 
(Insecta, Diptera). Zoomorphology 104: 188-195. 

16. Nalbach G (1993) The halters of the blowfly Calliphora. I. Kinematics and 
dynamics. J Comp Physiol A 173: 293-300. 

17. Balint CN, Dickinson MH (2001). The correlation between wing kinematics and 
steering muscle activity in the blowfly Calliphora vicina. J Exp Biol 204: 42 1 3— 
4226. 

18. Walker SM, Thomas ALR, Taylor GK (2012) Operation of the alula as an 
indicator of gear change in hoverflies. J R Soc Interface 9:1194—1207. 

19. Walker SM, Schwyn DA, Mokso R, Wicklein M, MuUer T, et al. (2014) In vivo 
time-resolved microtomography reveals the mechanics of the blowfly flight 
motor. PLoS Biol 12: el001823. 

20. Stampanoni M, Marone F, Modregger P, Pinzer B, Thuring T, cl al. (2010) 
Tomographic hard x-ray phase contrast micro- and nano-imaging at 
TOMCAT. Siu KKW, editor. 6th International (.Conference on Medical 
Applications of Synchrotron Radiation. Melville: Amer Inst Phyics. pp 13-17. 

21. Tu MS, Dickinson MH (1994) Modulation of negative work output from a 
steering muscle of the blowfly Calliphora vicina. J Exp Biol 192: 207—224. 

22. Taylor GK, Basic M, Bomphrey RJ, Carruthers AC, GiUies J, Walker SM, 
Thomas ALR (2008) New experimental approaches to the biology of flight 
control systems. J Exp Biol 211: 258-266. 



PLOS Biology | www.plosbiology.org 



4 



March 2014 | Volume 12 | Issue 3 | e1001822 



